This paper details a new software tool to aid in the conceptual design of blended-wingbody aircraft. The tool consists of four main modules. In the preliminary sizing model a class I estimate of the maximum take-off weight, wing loading, and thrust-to-weight ratio is calculated. This information is used together with an initial guess of the 30 design variables that to form a geometric model of the aircraft. From this geometric model four disciplinary models are derived: an aerodynamic model, a model of the wing box structure, a model for the cabin, and a model for the fuel tank. In the subsequent analysis module refined weight estimation for the operating-empty weight is being calculated, as well as the center-of-gravity shift during loading, the static margin, the main stability and control derivatives, and the harmonic range. In the last module, these analysis results are compared to 27 nonlinear constraints stemming from the top-level requirements and the aviation regulations. A gradient-based optimization routine is employed to find a combination of the design variables that satisfies all constraints while optimizing for harmonic range at constant maximum take-off weight. Between 20 and 60 iterations are required to achieve convergence. The tool has been set-up to allow for maximum configurational flexibility such as forward-swept outer wings, under-the-wing engines, and twin vertical tails.
I. Introduction
For conventional aircraft configurations, such as the tube-and-wing (TAW) aircraft, commercially-offthe-shelf (COTS) design tools are available for their conceptual design. Traditionally, these tools are based on proven handbook methods and embedded in a software package (e.g. DARcorp's AAA or PASS by Desktop Aeronautics). Typically, these packages reduce top-level requirements along with constraints on handling qualities and safety to a Class II airplane design. Subsequently, the design is further refined at the preliminary design level where the fidelity of the analysis tools increases progressively.
At TU Delft continuous efforts have been directed towards the implementation of a design and engineering engine (DEE) that can facilitate multi-disciplinary design optimization (MDO) beyond the Class II. One important benefit is the ability of the DEE to analyze and size both conventional and unconventional configurations. As was demonstrated by Schut et al., the initial input vector for the DEE plays a pivotal role in whether all the constraints can be met once the MDO process has converged. 1 It was argued that a separate lower-fidelity DEE would be necessary to define an input vector that would yield feasible solutions in the subsequent optimization process. This lower-fidelity DEE was termed the conceptual DEE because it translated the top-level requirements to an initial input vector for the subsequent MDO process. Likewise, the output from the subsequent DEE could be used as an input vector for a more advanced DEE, enabling a multi-fidelity design and optimization process. This process is schematically depicted in Figure 1 .
Considering the case of TAW aircraft, the very first initiator DEE is readily available in the form of the aforementioned Class II airplane design tools. Because these tools are based on empirical relationships, the likelihood of having a feasible design as an output of this first design step is rather high. For non-traditional aircraft configurations, there are no recipes that ensure a feasible design at the end of the conceptual design phase. On the other hand, it is desirable to assess different configurations on their feasibility at low computational cost. The internal optimization loop within the first DEE ensures that for a given configuration, a limited number of design variables, and a reduced set of constraints, a design results that has a high probability of being feasible. With carefully chosen sizing methods, analysis tools, and optimization algorithms this can swiftly result in an adequate input vector for the subsequent DEE.
Of all the non-traditional airplane designs, the blended wing body is one of the few concepts that is currently considered by academia and industry as a possible successor to the TAW aircraft. The idea of having the body generate part of the lifting forces, thereby reducing the overall wetted area of the airplane dates back to the early 20 th century when airplane designers such as Dunne, Lippisch, and the Horton brothers invented several all-lifting-vehicle (ALV) configurations.
2 Prior to World-War II Northrop developed the X-35 flying wing (FW). After the war the X-35s were retrofitted with turbojet engines to become the B-49 bomber. Even though speed and altitude performance of the B-49 were good, the airplane lacked sufficient range and was canceled in favor of the Convair B-36. It was speculated that the range inferiority was inherent to the jet-powered FW configuration.
3 Due to this controversy, the flying-wing concept was abandoned for almost 40 years. It revived in the early 1990s with the introduction of the Northrop B-2, demonstrating the feasibility of a high-speed FW aircraft. It also resulted in renewed discussion about the aerodynamic performance of FW aircraft compared to TAW aircraft. An independent examination by Torvik on the range performance of high-bypass-ratio FW aircraft demonstrated that prior assumptions on aspect ratio and wing thickness substantiating the conclusion that FW aircraft had inferior range performance were not correct.
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In 1991 a paper by Torenbeek compared aircraft of various wing volume to total volume ratios (X). He recognized that the low wing loading of an FW aircraft results in a reduced aerodynamic efficiency at FL350. A higher lift-to-drag ratio can only be achieved if the airplane is flown at higher altitude. Because engine thrust is linearly dependent on the ambient pressure in the stratosphere, the size of the engine is likely to grow with a higher cruise altitude. Torenbeek confirms this and comes to the following conclusions based on a simplified analysis:
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• The highest aerodynamic efficiency for a baseline TAW aircraft with X = 0.18 occurs for T /p = 9m 2 and amounts to L/D = 20.5.
• For engines with an installed thrust of T /p = 9m 2 the FW aircraft (X = 0.9) does not perform better than the TAW aircraft, while L/D decreases rapidly with decreased installed thrust.
• To reach its full potential, the FW aircraft requires 45% more thrust to reach the maximum L/D = 27.5.
• To achieve this L/D, the FW aircraft needs to cruise at FL450. These conclusions were based on a hypothetical airliner with a gross weight of 450 tons, a cruise Mach number of 0.85 and a total useful volume of 2000m 3 . Furthermore, it was assumed that the drag polar could be represented by a simple two-term quadratic equation. These results indicated that the FW aircraft certainly had the potential to improve the aerodynamic efficiency of a new generation of aircraft, provided that they would fly at higher altitudes. In 1951 it was Burnelli who conceived a design that bears close resemblance to what is commonly known as the blended wing body (BWB) aircraft (see Figure 2 ). Since the 1980s Russian studies at TsAGI have investigated the BWB concept and the technologies that are required to making them viable. 6 Developments at McDonnell Douglas (later Boeing) throughout the 1990s confirmed the findings by Torvik and Torenbeek by predicting a 20% higher lift-to-drag ratio for an 800 passenger BWB airplane compared to a conventional baseline aircraft with equal capacity and range.
7 Subsequent research by Boeing and NASA on the BWB-450 demonstrated to have 32% better fuel burn properties compared to the Airbus A380, using similar technology levels.
8 Test flights to investigate the performance and handling qualities on scale model (X48-B) have been under way since 2007, with overall satisfactory results. Flight tests of a modified BWB configuration with twin vertical tails (X-48C) to shield engine noise were scheduled to take place in late 2011. Multi-disciplinary optimization (MDO) has been demonstrated to be of great help in improving baseline BWB designs. Due to the tight interconnection between wing planform shape and cabin volume allocation, the optimization is significantly more complicated than for a traditional TAW aircraft. Given the shortcoupled nature of the aircraft in combination with the absence of an empennage complicates the problem even more by making the planform shape responsible for the aerodynamic performance, balance, stability, and control of the airplane. To refine the design of the BWB-450 a multi-disciplinary design tool (WingMOD) was used to size the aircraft for performance, balance, stability, and control. 11, 12 Starting point for the optimization was an aft-swept configuration with winglets doubling as vertical tails. In Europe a collaborative project on the multi-disciplinary optimization of the BWB relied on distributed analysis tools that were connected to a single MMG. 13 Both projects demonstrated how the total weight of the BWB airplane could successfully be reduced while satisfying all the constraints stemming from regulations and top-level requirements.
To facilitate MDO a parametric description of the airplane geometry based on high-level primitives (HLPs) can swiftly generate geometric models of many diverse aircraft configurations.
14 Combining and resizing the HLPs allows the designer to generate airplane designs beyond the TAW, such as the BWB configuration 13 (see Figure 3) . The design can be subjected to various analysis tools (aerodynamic, 15 structural, 16 aeroelatic, 17 acoustic 18 ) each based on a single representation of the geometry. The results of these modules can subsequently be used in flight mechanics tools to investigate performance and handling qualities. 19, 20 The interface between the analysis tools and the geometry module is formed by so-called capability modules (CMs) that translate the geometry to tool-specific input files. The output from each of the analysis tools can be used in an optimization process by comparing it to the constraints and evaluating the objective function. The assembly of the HLP-based geometry module and the various CMs has been termed the multi-model generator (MMG). Together with the analysis tools, the optimization module, and the initial input vector it forms the design and engineering engine (DEE).
Even though it has been demonstrated that MDO can successfully be used to improve existing BWB designs in various ways, implementation in the conceptual design has been limited to aerodynamic and structural analysis.
21 At the same time, no conceptual design tools are available to quickly size various BWB configurations. Finally, if the multi-fidelity design optimization paradigm of Figure 1 is to be successfully implemented altering the BWB configuration should be enabled whenever a configuration proves to be infeasible in any of the lower level DEEs. This paper details a first step in the generation of the initial DEE 
II. Methodology

A. Conceptual DEE Structure
The conceptual DEE consists of four modules (see Fig. 4 ). The initiator module generates an input vector based on traditional preliminary sizing methods. Subsequently, the MMG constructs a geometric model of the aircraft and generates a simple aerodynamic and structural model. It also sizes fuel tank and cabin. In the analysis module, the aerodynamic forces are evaluated, the weight and center-of-gravity (CoG) travel are calculated, and the airplane is trimmed. Stability and control derivatives are calculated, the rotation speed, the minimum control speed, and the cruise range are determined. In the evaluator module the analysis results are compared to set constraints. The optimization routine tries to satisfy all the constraints and subsequently find the airplane geometry with the longest range. Whenever the constraints are not met ("acceptable?") or the optimization has not converged ("converged?"), the optimizer alters the input vector and runs the loop again. 
B. Preliminary Sizing
During preliminary sizing the top-level requirements along with the relevant certification specifications are used to estimate the maximum take-off weight, thrust and wing surface area. The wing loading and thrust loading are sized in the initiator based on requirements on range, take-off field length, cruise speed, and cruise altitude. Assumptions on maximum lift coefficients in the relevant configurations as well as statistical data on characteristic weights are made based on values from literature on BWB aircraft. In Fig. 5 the outline of the preliminary sizing module is shown. The output of the preliminary sizing along with configurational choices on the number of and position of engines, the fin position, and the wing sweep (forward or aft) are input to the subsequent module (MMG). 
C. Multi-Model Generator
The MMG receives input from the preliminary sizing module and the vector containing the initial design parameters. This input vector is automatically scaled such that the wing span and wing area match those calculated in the preliminary sizing. The MMG translates this information into a geometric model of the outer shell of the aircraft. The BWB planform is translated into five individual wing trunks. Each trunk has a root and tip airfoil that needs to be selected by the user. In addition, initial values for sweep, taper, span, twist, relative thickness, and mean chord are set by default in the input vector. During the optimization, these parameters are changed. For the vertical tail a single input parameter can be selected (tail height). All other geometric parameters of the vertical tail have either been fixed or related to the tail height via a fixed relation. This has been done to keep the number of design variables as low as possible. In total there are 30 design variables (excluding airfoil shapes for each of the sections). An example of an input vector for the planform shape is presented in Table 1 . A particular configuration is specified by the input data, which consists of four input variables. The input variables consist of the vertical tail type, the engine vector prescribing the location of each engine, the airfoil vector, describing the airfoils used at each section and finally the input vector, which is used in the optimization. An example of the input data used is given in Table 2 . In this example the airplane configuration has four engines, which are all positioned on top of the body at a predefined distance from the trailing edge. The airfoil shapes are also defined at each of the sections, although it should be noted that the thickness-to-chord ratio is automatically scaled by the input vector of Based on the initial input vector and the geometric values calculated during the Preliminary Sizing a geometric model of the BWB is constructed. A continuous surface is lofted between the root and tip airfoils of each of the airfoils. From this geometric model the MMG generates three disciplinary models First, a geometric model for the torque box, the fuel tank, and the cabin are constructed. In addition, a panel distribution of the planform is generated to be used by a vortex-lattice method (VLM). A schematic overview of the entire MMG module is presented in Fig. 6 . An important assumption that has been made in the construction of the pressure cabin is that it consists of a multi-bubble interior to carry the pressure loads. An aerodynamic shell encloses the multi-bubble cabin. Multi-bubble supremacy over stiffened panels was demonstrated for passenger aircraft by Mukhopadhyay et al. 22 and was therefore selected in this module. The multi-bubble cabin automatically scales according to the geometry of the aerodynamic shell around it. The main deck floor is automatically constructed, along with a cargo floor, whenever there is sufficient space to store a minimum of one LD3-45 container. The fuel tank and torque box are also dimensioned based on the outer geometry of the wing and body trunks. An overview of these components is shown in Fig. 7 . 
D. Analysis Modules
In Fig. 8 the analysis modules are shown. In the cabin analysis the cabin volume, main deck surface area, and cargo volume are calculated. This is based on the geometric input from the MMG. The aerodynamic analysis consists of a vortex lattice solver (Tornado 23 ) that provides all aerodynamic coefficients (including an estimation of the friction drag based on strip theory) and also the lift distribution. In addition, control derivatives are calculated for the rudder(s) and elevator(s). Finally, the spanwise location of the highest loaded section is located. Based on the maximum lift coefficient of this section (c lmax is a function of the local airfoil shape) and the associated lift distribution the maximum lift coefficient of the wing (C Lmax ) is calculated along with the stall angle-of-attack.
A Class II component weight estimation is based on traditional handbook methods 24, 25 where wing weight is estimated based on Torenbeek's approach. 26 Furthermore, a weight estimation for the unorthodox cabin was developed by Geuskens et al. 27 and has been implemented in the Class II weight estimation. Subsequently, the center of gravity (CoG) of each of the components is determined resulting in the airframe CoG. Various loading and unloading strategies for both passengers and fuel are investigated to determine the operational implementation that results in the minimum CoG travel. This scenario determines the CoG position as a function of the instantaneous airplane weight.
A trim and stability analysis is carried out using the information from the CoG analysis and the aerodynamic analysis. Directional and longitudinal stability derivatives are calculated at most aft position of the CoG. Finally, a performance analysis is performed based on the aerodynamic analysis, the trim drag, the available fuel, and a user-specified value for the specific fuel consumption. The sequence of the analysis models is predetermined. The first analysis tools require only require direct input from the MMG. Subsequent analysis modules rely on the analysis results from the initial models. The feed-forward of analysis results is intuitively depicted by the N 2 chart of Figure 9 . It can be seen that in particular the last three analysis tools (i.e. the CoG analysis, stability and control analysis, and performance analysis) rely heavily on the results of the preceding analysis modules. 
E. Constraints Analysis and Optimization Procedure
The numerical output from each of the analysis modules is compared to predefined constraints. These include, but are not limited to, constraints on longitudinal and directional stability, rotation speed, minimum control speed with OEI, climb requirements with OEI, trim deflections, cabin volume, and nose wheel loads. Based on the outcome of the constraints analysis the input vector is altered by a predefined increment, dx. To allow for a gradient-based optimization, the increment for each of the design variables is different. In Table  4 an overview of the design variables per wing trunk is shown with their respective values for dx. As can be seen from this table, a total of 30 design variables are present in the optimization procedure. Geometric constraints on leading and trailing edge sweep are incorporated to limit sharp kinks in the planform area (especially the outboard wing) that have been shown to result in large wave drag penalties.
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The constraints module collects the calculated data and all constraints implied by aviation authorities, requirements and user supplied constraints. The constraints are placed in a constraints vector, which is used by the optimizer to make optimization decisions. The constraints are summarized in Table 3 . Notice that the longitudinal and lateral tip-over constraints are absent from this table. These constraints have already been used to size the length and disposition of the landing gear struts. All of the designs therefore comply with these constraints. Furthermore, it can be observed that the minimum static margin (for the most-aft CoG position) is -10%, which means that the aircraft is allowed to be longitudinally unstable. It has been assumed that with such a static margin it is still possible to realize artificial static stability through fly-by-wire and a dedicated control algorithm.
Beside the constraints calculated in the constraints module, there are four linear constraints applied to the geometry. These linear constraints are necessary to create a workable aircraft geometry. The following linear constraints are implemented:
• Span of a section needs to be larger than the span of the previous section
• Chord has to decrease along the span
• Thickness-to-chord ratio has to decrease along the span
• Leading edge sweep of the two outer most sections must be decreasing
To ensure an equal weight of all the constraints in the optimization process, all of the constraints are normalized with respect to their initial value.
The optimization routine is based on the function fmincon in Matlab. The function fmincon is a constrained nonlinear optimization function that finds the minimum of a constrained scalar function of several variables starting with an initial estimate. 28 To simplify the optimization procedure it has been chosen to use the harmonic range as the performance parameter to be maximized (i.e. minimize R 0 /R). The top-level requirement on range (R 0 ) that was used in the Class I weight estimation can therefore be exceeded. Because this is a gradient-based optimization procedure, it is not guaranteed that the local minimum that is found by the optimizer is also the global minimum. The initial input vector for each of the design variables is therefore an important factor in whether a global or a local optimum is found. At the same time this input vector also has a configurational implication. In this sense, the designer can evaluate different BWB configurations by altering the initial input vector. For example, a forward swept configuration (and associated input vector) is likely to result in a different minimum than an aft-swept configuration. This way, the designer can evaluate the result of configurational changes on the range performance of the BWB. One of the requirements of gradient-based optimization is that the response function is smooth over the entire domain of the design variables. To satisfy this requirement any change in the design variables should be sufficiently large to induce a change in the response function. However, it should not be too large to prevent a wrongfully calculated value for the gradient. It has been investigated what the minimum changes (dx) in the respective design variables should be in order to meet both requirements. The results that have been used in the optimization are displayed in Table 4 . 
III. Results and Discussion
The objective of the conceptual DEE is to swiftly design and analyze a BWB configuration relying on simple estimation methods. To demonstrate the result of this design and optimization tool an example configuration is chosen to be optimized. The configuration selected is a configuration with four body mounted engines, a twin vertical tail, mounted on the body and aft-swept wings. The input vector is displayed in Table 1 . This vector is the non-scaled input vector and will be scaled by the preliminary sizing to obtain a matching wing area and wing span. Using the input vector, together with the engine vector, vertical tail type and airfoil vector, the optimization is started. A single iteration takes approximately 6 minutes a and 20 to 60 iterations are required to find a converged solution. The amount of required iterations depends on the start vector and how many iterations it takes to fulfill all constraints. For the current example, 42 iterations were required to find an optimum.
The overall progress of the optimization is displayed in Figure 10 . It shows three plots: the function value (R 0 /R) at each iteration, the maximum constraint value at each iteration, and the harmonic range at each iteration. After 18 iterations, the aircraft is feasible and the solution starts to converge. In the plots of Figure 10 , the feasible aircraft are indicated in green and the non-feasible aircraft are indicated in red.
The planform of the initial aircraft and the optimized aircraft are shown in Figure 11 . From this figure, several observations can be made. The sweep is increased considerably to 48 deg on the two outer most sections. This increase is mainly driven by the drag divergence Mach number and the longitudinal stability. It has some consequences that can be seen in Figure 11 . The additional leading edge sweep causes a larger shift in center of gravity over the flight as well as during ground operations. The fuel is located in the outer two most sections, which lie further aft due to the higher sweep angle. The distance between the most forward and aft position of the center of gravity is increased. This means that the maximum and minimum load on the nose landing gear are closer to the limits of 5% and 20%, respectively.
The payload-range diagrams of the first and final aircraft are displayed in Figure 12 . From the figure it can be observed that the harmonic range increases, as well as the ferry range. Another observation is the decrease in operating empty weight. During the optimization the MTOW is kept constant. The payload is constant as well, which means that when the OEW reduces, the fuel weight automatically increases in favor of additional range. The second part of the payload-range diagram is smaller. This is the part where payload is exchanged for fuel to achieve additional range. The smaller second part of the payload-range diagram indicates that the fuel tanks are almost full for the harmonic range. Figure 13 gives a summary of the most import parameters, the constraints and the objective. A blue number indicates that the constraint is satisfied. Since the aircraft is made feasible, all constraints are indicated in blue. The optimizer indicates in the Matlab command window that there are no active boundaries and constraints. There are, however, some constraints that are very close to their limits, which have driven the optimization. One of these is the drag divergence Mach number of the second outer most section. This constraint has mainly driven the leading edge sweep and the thickness of the wing sections surrounding it. The minimum static margin is -9% MAC, close to the requirement of -10%, which has contributed to the larger sweep angle, moving the neutral point further aft.
The cabin floor area is not exactly at its limit, but is the main driver of the thickness of the center body. The reason that it is not exactly matching the requirement, is that the cabin floor area is not a perfectly smooth function. This is caused by the presence of the multi-bubble structure. The maximum-payload range increases to more than 13,000 km, which is higher than the initially assumed 11,000 km. The empty weight is slightly below the empty weight calculated during the preliminary sizing. The lift-to-drag ratio was assumed to be 23.4 during the preliminary sizing, but was predicted to be 24.2 in the aerodynamic analysis. Minimizing the trim drag is a possible way to increase the range, which can be observed during the optimization process as well. The maximum amount of elevator deflection required to balance the aircraft is limited to 4.7 deg whereas it was 5.7 deg at the start of the optimization, despite the fact that the center of 
IV. Conclusions and Future Work
A multi-disciplinary design and optimization framework for blended-wing-body aircraft has been developed. This tool is able of converting a given set of top-level requirements into a conceptual airplane design. It requires user input on configuration design variables such as vertical tail positioning, engine location, and forward-swept of aft-swept wing design. In the optimization process a set of 30 design variables are altered by a gradient-based optimizer. The design is subjected to 27 nonlinear and 4 linear constraints. Once feasible, the design is optimized for maximum harmonic range. It has been shown that this optimization requires between 20 and 60 iterations to converge, which takes up to 5 hours on a standard PC. For every constraint it is shown how close the optimized design approaches it, which gives feedback on the constraints that drive the design of the BWB. This tool is a first step in tackling the multi-disciplinary design problem of the BWB. The tool is to be improved in various areas. First of all, the analysis methods are to be refined by comparing the results to those of higher fidelity models. The output of the preliminary sizing module is to be improved by relying on the results of previously optimized BWB configurations. This should result in a better initial estimate for maximum take-off weight, wing loading and thrust-to-weight ratio and should contribute to a shorter number of iterations. Another measure to reduce the optimization time is by reducing the number of design variables without violating the number of designs that can be obtained. A new parametrization model for the center body is being developed that accomplishes that. 
